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Embryological data and the activities of the neural-inducing factors noggin and follistatin are consistent with the hypothesis
that the nervous system is initially induced with an anterior character, with subsequent signals imparting posterior pattern.
We report that Xwnt3a is a candidate for involvement in anteroposterior neural patterning, as it synergizes with the neural-
inducing factors noggin and follistatin to increase the expression of posterior neural genes. Furthermore we show that b-
catenin, an intracellular protein implicated in the Wnt signal transduction cascade, mimics the activity of Xwnt3a. These
data suggest that the generation of pattern within the vertebrate nervous system may rely on synergism between a Wnt
signaling pathway and multiple neural-inducing factors. q 1995 Academic Press, Inc.
INTRODUCTION prolactin (a gift of P. Walter, UCSF) or 0.3 ng of Xwnt3A
(Wolda et al., 1993). Keller sandwiches were prepared as
Although the biological activities of the secreted proteins described (Doniach et al., 1992) from stage 10±10.25 em-
noggin (Lamb et al., 1993) and follistatin (Hemmati-Brivan- bryos. For this study, Keller sandwiches were allowed to
lou et al., 1994) are consistent with their potential involve- develop without the use of coverslips in Sater's modi®ed
ment in inducing anterior neural tissue, little is known Danilchik's solution. Intact embryos and Keller sandwiches
about the molecular basis for specifying posterior neural were processed for whole-mount in situ hybridization
fate. As Wnts are also secreted signaling molecules ex- (Lamb et al., 1993).
pressed in vertebrate embryos (Nusse and Varmus, 1992)
and as a Wnt expressed in the mesoderm synergizes with
mesoderm-inducing growth factors to alter gene expression Animal Cap Explants
and cell fate (Christian et al., 1992), this raises the question
RNAs were transcribed from described expression con-of whether Wnts expressed in the nervous system may ex-
structs mentioned above or generated by PCR from pub-hibit a similar capacity to synergize with neural-inducing
lished sequences of the full coding regions. Embryos werefactors. To address this question we focused on Xwnt-3a in
injected either at the 2-cell stage in the animal pole or atXenopus embryos, based on its expression in the neural
the 4-cell stage in both dorsal animal blastomeres with theectoderm of the early neurula embryo (Wolda et al., 1993).
following mRNAs: 300±600 pg of Xwnt3a; 1±2 ng of Xeno-
pus noggin; 2 ng of Xenopus follistatin; 300±600 pg of bo-
MATERIALS AND METHODS vine prolactin as a negative control; 1±2 ng of X-banded
hedgehog (Lai et al., 1995); 1±2 ng of a biologically inactiveKeller Explants
frame-shifted hedgehog (Lai et al., 1995) as a negative con-
Embryos were injected at the 2-cell stage into the animal trol; or 2 ng of Xenopus b-catenin. Animal caps from in-
pole with approximately 1±2 ng of RNA encoding bovine jected embryos were dissected at stage 8 and cultured in
NAM/2 until sibling embryos reached stage 20±23 when
they were harvested for analysis by RT±PCR.1 Contributed equally.
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Analysis of RNA by RT±PCR anterior to the location of the RNP marker (arrows, Fig.
1B). Interestingly, overexpression of Xwnt3a in the KellerTotal RNA was processed for ®rst strand cDNA (Life Sci-
sandwiches suppresses expression of XAG-1 (Fig. 1F), rais-ences, St. Petersberg, FL) in the presence or absence of re-
ing the question of whether Xwnt3a modulates the expres-verse transcriptase. Four percent of the cDNA was then
sion of other genes along the neural axis.used for each set of primer reactions, as previously described
To further investigate the effects of Xwnt3a on neural(Hemmati-Brivanlou et al., 1994; Lai et al., 1995) with sev-
gene expression in Keller explants, we next subjected RNAeral modi®cations. Detection of EF-1a, muscle actin, and
isolated from Keller explants to RT±PCR analysis with aXAG-1 were analyzed after 19 cycles with the rest of the
panel of regionally restricted neural markers described else-primer sets analyzed after 24 cycles. All primers were an-
where (Lai et al., 1995). Overexpression of Xwnt3a (Fig.nealed at 587C. Approximately 10% of each reaction was
1G, lane 3) but not control prolactin RNA (Fig. 1G, lane 4)loaded per lane and run on 5 or 7% nondenaturing polyacryl-
suppresses expression of the cement gland marker, XAG-1,amide gels and exposed with intensifying screens on X-ray
the pituitary marker, XANF-2, and the forebrain marker,Kodak ®lm from 1 to 4 days. The use of RT±PCR in our
OtxA, which are normally expressed anterior to the mid-analysis was for relative and not quantitative comparisons
brain±hindbrain boundary marker, En-2. Expression of(see legend, Fig. 2).
Krox-20, a marker for rhombomeres 3 and 5 of the hind-
brain, is largely unchanged by Xwnt3a while expression of
the most posterior spinal cord marker, Xlhbox-6, increasesRESULTS AND DISCUSSION
over levels seen in uninjected and prolactin-injected ex-
plants. The relative expression of a second panneuralKeller sandwiches consist of early gastrula ectoderm with
marker, NCAM, does not change upon overexpression ofattached dorsal marginal zone from two explants, cultured
Xwnt3a, providing an independent con®rmation of the inwith their blastocoel surfaces in apposition. These explants
situ hybridization data with the RNP marker and furtherundergo neural induction as in the embryo, resulting in
suggesting that Xwnt3a does not dramatically alter thethe expression of region-speci®c neural markers along the
overall levels of neural tissue. Similarly, Xwnt3a does notentire anteroposterior axis (Doniach et al., 1992). In order
appreciably alter expression of the dorsal mesoderm marker,to determine whether a Wnt has the ability to modulate
muscle actin. In summary, the activity of Xwnt3a in Kelleranteroposterior neural pattern, embryos were injected with
sandwiches is consistent with its acting as a neural pat-RNAs and then Keller sandwiches were explanted, cultured
terning molecule that increases the expression of posterioruntil sibling embryos reached late neurula stage, and pro-
neural markers while decreasing expression of more ante-cessed for whole-mount in situ hybridization. Figure 1A
rior genes, without dramatically altering the overall expres-shows the expression of endogenous RNP, a panneural
sion of panneural genes.marker, in a late neurula stage embryo. Expression of this
Neural pattern within Keller sandwiches arises from pla-marker in Keller sandwiches prepared from embryos in-
nar signals eminating from the dorsal mesoderm of thejected with control RNA (Fig. 1B) or Xwnt3a RNA (Fig. 1C)
Spemann organizer (Doniach et al., 1992). Xwnt3a may thusdemonstrates that Xwnt3a does not dramatically augment
act as a direct neural inducer which modulates gene expres-or repress expression of this panneural gene.
sion, or Xwnt3a may synergize with inductive signals gener-To investigate whether Xwnt3a modi®es the expression
ated within the Keller sandwiches. To better understandof an extreme anterior ectodermal structure, the cement
how Xwnt3a may alter neural pattern in the absence ofgland, we examined the cement gland marker XAG-1 in the
mesodermal induction, we turned to assays based on blas-Keller sandwiches. Whereas expression of this marker is
tula cap explants, which develop in vitro as undifferentiatedrestricted to the cement gland in control embryos (Fig. 1D),
ectoderm. When treated with the neural-inducing factors,control explants prepared from prolactin-injected embryos
demonstrate a ring of XAG-1 expression (arrow, Fig. 1E) noggin (Lamb et al., 1993) or follistatin (Hemmati-Brivan-
FIG. 1. Effects of Xwnt3a on anteroposterior neural pattern in Keller explants. (A, B, and C) Whole-mount in situ hybridization of the
panneural RNP clone, pNPG152; (D, E, and F) Whole-mount in situ hybridization of the cement gland marker, XAG-1. (A and D) Control
albino embryos, stage 19 (A) and stage 25 (D). (B and E) Control Keller explants from stage 10±10.25 embryos previously injected with
bovine prolactin mRNA (B, 15 of 15 sandwiches were RNP-positive, see arrows; E, 12 of 12 sandwiches were XAG-1-positive, see arrow).
(C and F ) Keller explants from stage 10±10.25 embryos injected with Xwnt3a mRNA (C, 22 of 22 sandwiches were RNP-positive, see
arrows; F, 1 of 12 sandwiches was XAG-1-positive). Keller sandwiches isolated from Xwnt3a-injected embryos exhibited reproducibly
shortened neural ectoderm when compared to Keller sandwiches isolated from prolactin-injected embryos. The Keller explants shown in
(B and C) are from pigmented embryos. (G) RT±PCR analysis of Keller explants using the following set of anteroposterior markers, depicted
with anterior to the top, and increasingly posterior genes below: XAG-1, cement gland; XANF-2, anterior pituitary gland; Otx-A, forebrain;
En-2, midbrain±hindbrain boundary; Krox-20, rhombomeres 3 and 5; Xlhbox-6, posterior spinal cord; NCAM, panneural; muscle actin,
axial mesoderm; Ef1-a, RNA loading control; /RT, plus reverse transcriptase, 0RT, minus reverse transcriptase.
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FIG. 2. Effects of Xwnt3a and b-catenin on induction of neural genes by noggin, follistatin, and X-bhh. RNA was injected into 2- to 4-
cell embryos, and blastula caps were isolated, cultured, and employed for RT±PCR using the same anteroposterior neural markers as in
Fig. 1, again with the most anterior gene at the top and the most posterior gene at the bottom. Relative levels of gene expression can be
compared within the same panel, but not between panels, as each panel represents an independent yet representative experiment utilizing
RT±PCR conditions which yield products in the exponential phase of ampli®cation and at the same exposure of the X-ray ®lm. At least
three fully independent experiments were conducted for each panel, with qualitatively similar results for each experiment. In all panels
lane 1 utilizes RNA from whole embryos as a positive control and reference point, and in A±C lane 2 demonstrates that Xwnt3a does
not induce neural genes. (A, lane 3) noggin induces the three most anterior genes. (A, lane 4) Xwnt3a synergizes with noggin to induce
expression of En-2 and Krox-20 and to reduce expression of more anterior genes (compare to lanes 3, 5). (A, lane 5) Prolactin does not
synergize with noggin. (B, lane 3) follistatin induces a subset of neural genes. (B, lane 4) Xwnt3a and follistatin reduce the expression of
the XAG-1, XANF-2, and Otx-A markers which are induced by follistatin (lanes 3, 5). (B, lane 5) Prolactin does not synergize with
follistatin. (C, lane 3) X-bhh induces XAG-1 and very weakly induces XANF-2 and Otx-A. (C, lane 4) Xwnt3a and X-bhh do not induce
expression of neural genes. The slightly elevated expression of Krox-20 was not representative of other independent experiments. (C, lane
5) A frame-shifted hedgehog does not synergize with X-bhh. (D, lane 2) b-catenin induces expression of XAG-1, but not neural genes. (D,
lane 3) noggin induces the same three anterior genes as in A. (D, lane 4) b-catenin synergizes with noggin in a manner indistinguishable
from Xwnt3a (D, lane 5) to reduce expression of XAG-1, XANF-2, and Otx-A and to elevate expression of En-2 and Krox-20.
lou et al., 1994), the blastula caps express both panneural spheres of cleavage stage embryos, and then the blastula
caps were explanted and cultured until sibling embryosgenes and a subset of anterior neural genes without inducing
dorsal mesoderm. To exploit these characterized activities, reached the late neurula or early tailbud stage. Using RT±
PCR and the same panel of regionally expressed neuralRNAs encoding noggin, follistatin, prolactin, or Xwnt3a
were injected alone or in combination into the animal hemi- markers described in Fig. 1G, we ®rst asked whether ectopic
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expression of Xwnt3a in animal caps can divert the fate hedgehog (X-bhh), a secreted signaling factor which has a
limited ability to directly induce neural genes (Lai et al.,of these cells from ectoderm to neural tissue and whether
Xwnt3a synergizes with noggin to alter neural gene expres- 1995). Coexpression of Xwnt-3a with X-bhh in the animal
cap assay followed by RT±PCR demonstrates no synergisticsion. Xwnt3a alone does not induce neural gene expression
in the animal cap ectoderm (Fig. 2A, lane 2). In the same induction of neural markers (Fig. 2C, lane 4), although the
Xwnt3a does reduce the expression of XAG-1 which is in-assay, injection of noggin RNA in the absence (Fig. 2A, lane
3) or presence (Fig. 2A, lane 5) of prolactin RNA induces duced by X-bhh (Fig. 2C, lane 3). These data further support
the hypothesis that Xwnt3a requires signals generated bythe expression of markers for the cement gland (XAG-1), the
pituitary gland (XANF-2), and the forebrain (Otx-A) without direct neural-inducing factors to elevate expression of poste-
rior neural genes, as found for the dramatic synergistic in-inducing dorsal mesoderm. In marked contrast to the lack
of induction of neural genes by Xwnt3a and induction of duction of En-2 and Krox-20 by Xwnt3a and noggin (Figs.
2A and 2D).only very anterior genes by noggin, when these two factors
are coexpressed there is suppression of the anterior genes It has previously been reported that some Wnts display
the activity of patterning agents which work in synergyXAG-1, XANF-2, and Otx-A, concomitant with the induc-
tion of markers of the midbrain±hindbrain boundary, En-2, with mesoderm-inducing growth factors (Christian et al.,
1992). Our data suggest that synergistic interactions alsoand of the hindbrain, Krox-20 (Fig. 2A, lane 4). The data
suggest that although Xwnt3a is not a direct neural inducer, exist between Wnts and the neural-inducing factors noggin
and follistatin. Furthermore it appears that a Wnt signalingit is able to pattern neural gene expression in synergy with
noggin to enhance posterior relative to anterior neural cell pathway utilized during the formation of the mesoderm
may be active during neurogenesis as demonstrated by thefate.
Elements of the signal transduction pathway initiated by ability of b-catenin to fully mimic a Wnt both in mesoderm
formation (Heasman et al., 1994) and in patterning neuralWnt signaling are conserved between Drosophila and meso-
dermal patterning in Xenopus. We sought to exploit this tissue (present study).
Embryological models of neural induction favor a two-conservation to ask whether the synergy of Xwnt3a with
noggin could be mimicked by b-catenin, a cytoplasmic pro- step process whereby an initial step leads to the induction
of neural tissue of largely anterior character, with furthertein known to be downstream of Wnt signaling (Heasman
et al., 1994). As observed with Xwnt3a (Fig. 2A), overex- signals generating more posterior cell fate (reviewed by Ruiz
i Altaba, 1994). Two secreted proteins, noggin (Lamb et al.,pression of b-catenin does not induce signi®cant levels of
neural ectoderm in animal caps (Fig. 2D, lane 2), though 1993) and follistatin (Hemmati-Brivanlou et al., 1994), have
met the criteria of displaying appropriate patterns of expres-curiously b-catenin does induce the cement gland marker,
XAG-1. When b-catenin and noggin are coexpressed (Fig. sion and demonstrable activities which are consistent with
an involvement in the initial induction of anterior neural2D, lane 4) the effects on neural gene expression are strik-
ingly similar to the synergy observed between Xwnt3a and ectoderm. There have heretofore been few suggestions of
signaling factors which may be involved in specifying poste-noggin (Fig. 2A, lane 4 and 2D, lane 5). Thus, both b-catenin
and Xwnt-3a synergize with noggin to reduce the relative rior neural character. We have demonstrated that Wnts ex-
pressed in the developing nervous system and a knownlevels of expression of the anterior genes XAG-1, XANF-2,
and Otx-A and to elevate the level of the posterior neural downstream component of a Wnt signaling pathway, b-ca-
tenin, may synergize with noggin and follistatin to providegenes En-2 and Krox-20. It is likely a simpli®cation to pro-
pose that only Xwnt3a and b-catenin operate in a common caudalizing signals during development of the nervous sys-
tem in vertebrates.pathway, as several additional Xwnts have the same activi-
ties as Xwnt3a (Du et al., 1995) and are expressed in the
developing nervous system. Therefore, multiple endoge-
nous Xwnts are candidates for activation of b-catenin, ACKNOWLEDGMENTS
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